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PREFACE 


Thr  following  references  wore  used  extensively  in  compiling 
ihl -  report  on  refractorymetal  phaia  dlagramt: 

(1)  Gontiliutlon  of  Binary  Alloy*,  by  M.  Hanatn  and 
K.  Anderfco 

(2)  Tantalum  and  Niobium,  byG.  Miller 

(3)  Tantalum  and  Tantalum  Alluyt,  OMIC  Report  1)3, 
by  F.  F>  Schmidt 

(4)  Phytic*!  and  Mechanical  Properties  of  Coluinbiuni 
a“nd  Columblum-Uaae  Alloys,  DM1C  Report  125, 
by  E.  S.  Bartlett  anTj,  A. 'Houck 

(5)  A  Study  of  Ternary  Phase  Diagram*  of  Tu.-.gttcn 
ami  Tantalum,  by  W.  Roitoker 

(6)  Molybdenum  Maul  Technical  Nolee  -  Constitution 
Diagrams.  by  R.  R.  Freeman  and  J.  Z.  Briggs 

(7)  Tungsten  -  Bibliography,  1953-1956.  by 
P.  W.  Fallen 

Theta  references  were  tupplemented  by  library  retearch  and 
by  interviewt  with  Government  contractors  r.ow  conducting  work  in 
thlt  field. 
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SUMMARY 


This  report  contains  a  compilation  or  discussion  of  93  binary  and 
68  ternary  phase  diagrams  of  the  four  refractory  metals,  columbium,  molyb¬ 
denum,  tantalum,  and  tungsten.  Included  with  each  diagram  is  a  discussion 
which  lists  information  on  the  solubility  and  crystal  structure  of  inter¬ 
mediate  phases.  V/hen  several  investigations  of  a  particular  diagram  arc  in 
disagreement,  '.he  discrepancies  arc  discussed. 

Many  of  the  diagrams  are  incomplete,  and  arc  subject  to  revision  as 
more  definitive  data  become  available  However,  they  are  includud  in  tills 
report  so  that  the  readers  may  have  as  up-to-date  information  as  possible  on 
each  of  the  systems. 
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INTRODUCTION 


Because  the  m-cd  for  structural  materials  far  use  at  higher  and 
higher  temperatures,  much  research  .and  development  emphasis  nas  been 
placed  *.n  the  refractory  metals  columbium,  molybdenum,  tantalum  and 
t\jng*teM,  These  four  maals  have  the  highest  melting  points  and  highest 
strength  at  h*gh  temperatures  of  all  the  metallic  elements  available  in  useful 
quantities.  The  emphasis  in  research  and  development  activities  has  been 
on  alloy  development,  physical  metallurgy,  oxidation  behavior,  protective- 
coating  systems,  and  melting  and  fabrication  methods.  In  almost  all  of  these 
activities  a  knov ’.edge  of  the  alloying  behavior  as  exemplified  by  the  phase 
diagram  ts  important. 

This  report  consists  of  a  compilation  of  the  phase  diagrams  for  alloys 
«f  columbium,  molybdenum,  tantalum,  and  tungsten.  Many  of  the  diagrams 
are  not  complete,  while  others  are  subject  to  revision  as  more  definitive 
data  become  available  It  is  hoped  that  users  of  this  report  will  supply 
DMIC  with  any  additional  phase-diagram  information  on  these  metals  that  is, 
or  may  become,  available. 


ORGANIZATION  OF  THE  REPORT 


The  phase  diagrams  in  this  r -sport  are  divided  into  two  sections:  binary 
systems  and  ternary  systems.  The  binary  diagrams  are  arranged  into  four 
groups,  one  for  each  of  the  /our  metals.  Within  each  group  the  systems  are 
arranged  tn  alphabetical  order  according  to  the  spelling  of  the  -Sc  and  element 
in  the  system.  A  diagram  involving  two  of  the  four  subject  metals  ix  listed 
only  in  the  first  alphabetical  grouping.  For  example,  the  columbium- 
moiybdenum  system  is  not  repeated  as  the  molybdemim-columbium  system. 

The  ternary  phase  diagrams  are  also  arranged  alphabetically  in  four 
groups.  When  two  cr  nu.ro  refractory  metals  occur  in  a  system  they  arc 
listed  first,  in  alphabetical  order.  For  example,  the  columbium -tantalum- 
cbiomium  system  will  net  be  listed  as  the  columbium-chromium-lantalum 
system. 

This  report  lias  been  bound  with  a  plastic  binder.  This  will  permit 
additional  diagrams  to  be  added  as  they  become  available.  If  desired,  t,.e 
diagrams  can  be  removed  from  the  present  binder  and  inserted  in  an  ap¬ 
propriate  loose-leaf  binder. 


TUB  PHASE  DIAGRAMS 


The  four  refractory  met&'s,  whose  phase  diagrams  are  compiled  in 
Mils  report,  have  body-centered  cubic  structures,  Columbium  and  tantalum 
are  Group  V-A  elements  and  molybdenum  and  tungsten  are  Group  VI-A  ele¬ 
ments.  The  melting  points  and  lattice  constants  of  each  of  the  four  elements 
are  Hated  t*Mow: 


Melting  Point 

C  F  Lattice  Parameter 


Columbium 

2460 

4460 

3.300 

Molybdenum 

2620 

4750 

3.  147 

Tantalum 

2996 

5430 

3.303 

Tungsten 

3410 

6170 

3,  165 

-  A 


As  would  be  expected  from  their  lattice  constants,  these  elements  arc 
mutually  soluble  in  one  another.  However,  the  phase  diagrams  with  other 
systems  vary  cons*  .  .-ably  from  one  base  to  another.  For  example,  colum¬ 
bium  and  tantalum  have  high  solubilities  for  interstitial  elements  while 
molybdenum  and  tungsten  do  not. 

In  the  phase  diagrams  which  follow,  a  short  discussion  is  included 
below  each  diagram.  It  lists  information  such  as  maximum  solubility  and 
the  crystal  structure  of  intermediate  phases.  When  several  investigations  of 
a  particular  diagram  arc  in  disagreeme  ,t,  the  discrepancies  are  discussed. 

In  the  discussions  the  numbers  in  parentheses  refer  to  references 
listed  in  the  bibliography  at  the  end  of  the  report. 


# 


BINARY  PHASE 

"diagrams 


Weight  Per  Cent  Aluminum 


Three  Intermediate  plmcj  have  been  reported.  Cb^Al  hu  a  cub.c,  beta-tungticn  r.ruciwe  with 
s  ■  5.  W7  A.C1)  CbjAl  hat  a  tetragonal,  tlgtna-typc  ttruetitfc  with  a  »  9,lri3  A,  c  *  5.  Ii9  A,  and 
c/a  «  0,S2tr.(2)  CbAlj  ft  tetragonal  wltli  a  ■  8. 438  A,  c  ■  8.CC1  A,  and  c/a  «  1,682.(3) 


COLti MUIUM-RORON  SYSTEM 


Atomic  Per  Cent  Boron 
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CbsBshat  *  teuagoiul,  U3Si2-iype  tuuctuie  w.tb  a  *  0.  173  kX,  and  c  ■  3.2i4  kX.f4t  CbB  It  an 
oHhothombie,  CtB-typa  uhmuic  wnh  s  ■  3.29B  A,  b  "  8.724  and  c  «  2.166  A.(5*6)  CIJ384  u  an 
onhomombic,  Mn^a-iype  muctuic  wtih  a  »  2,295  A,  b  *  14.o.£  •  3.131  A.(^)  a  hex¬ 

agonal,  C32-iype  >:ructuie  wuJ.  a  »  3.0£9  A,  c  »  2.293  A,  an’ .  *  *.  V  Cb»B  aiiJ  CbjA  alto  nxm 
ovc;  hm.ted  icmpetatute  rangei.(5  fi)  The  tolubihiy  of  boron  ...  ,'O.u..  »  lest  than  0.335  Mf'ghi  pur 

tens  si  1500  C.(1S®) 


COLUMB'UM- CARBON  SYSTEM 
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Two  c*ibl<£it  of  eolumbium  cxitt.  Cb£C  it  hexagonal,  having  a  limited  region  if  wltib.V.ty  between 
5. -13  *nJ  5.63  weight  per  cent  carbon.  CbC  It  i  face -centered  cubic  with  a  lattice  parameter 
a  *  4.410  ®)  Wetallographlc  evidence  indiealei  the  cxittcnec  of  a  peritecttc  .miction  t,  «  CbC  •*  Cb^C 

at  some  undetetmUied  temperature.  Alloyt  richer  in  caibon  than  the  CbC  ptrne  hteu  by  the  eutectic  reaction 
I.  -  CbC  +  graphite  at  approximately  3250  C.O3* 


Temperature 


C01.UMBIUM-CERIUM  SYSTEM 


The  ptute.  diagram  shows  in  extensive  region  of  lmmlsdbllli;*  In  both  the  liquid  and  the  solid  states. 
The  monoitcUchotlsontal  Slot  at  2370  i  20  C.  me  melting  temperature  was  reduced  from  2415  C  for  pure 
coiurntlura  ro  23E0-23S')  C  with  0.2  weight  per  cent  cerium.  Separation  Into  two  liquid  layers  statu  at 
1.0  to  ^.o  weight  per  *-ai  cetlum.O1) 


4/Cl 


(8) 


Temperature 


«ueo 


COUJMSIUM-COBALT  SYSTEM 


Weight  Per  Cent  Coboit 


CbCoj  !i  hellered 10  call!  la  tvo  modifications.  One  h  ai  33.3  atomic  per  cent  cclumbium  haying  a 
cubic  MgCua(Ct5)  type  of  structure  with  a  ■  6.158  A.  The  lecoad  tuucture  exliti  around  27  atomic  pet  cent 
and  It  the  MgNI^CJS)  type  of  ttructure.  Tlw  Uttlct  ipaclngi  for  thlt  nructuxc  were  reported  as  a  ■  d.lSS  A, 
c  -  15.46  A.  and  e/a  «  1.631.0*.  15, 1C) 


(10) 


Temperature 


COL.UMUIUM-HYDKOGSN  SYSTEM 


Cfc  O.i  0.1  0.3  0.4  0.5  0.6  0.7  0.6  0.9 


Hydrogen /Columbium  Ratio 


SquIIIbds  and  X-::y  r.ed'ei  daw  that  In  the  ssnges  100  to  900  C,  0.1  to  1000  mm  Hg  pwtum,  rnA 
O.ai  to  0.S5  ll/Cb  t*tlot,  tho  columbluin-hydrogcn  tytiem  con titu  of a  tlngU-ph*K  body -.-ent  wed  cubic 
muctutc.  A  two-pime  rcj;lot  It  prewm  at  lelitlvely  low  tempwatutti  and  prewuiu  villi  titc  critical  point 
located  at  HO  C,  0.01  me;  oi  Hg  piejtwe,  and  0,3  H/Cb  ratio. (18) 


(12) 


Temperature 


COJLU MBIU M-IRON  SYSTEM 


Atomic  Per  Cent  Iron 


Weight  Per  Cent  Iron 


‘the  phate  tllagtaai  ptepated  by  GolJtchmiiit  tbovi  a  htgh-’.empetaujc  e-pha* « ilmilat  to  ©the* 
itiMlUon-tiKttl  tyisr.im.  FcmJjj  it  *u  li-caibiuc-iypc  Jtiuuuie  will*  a  -  *1.233  kX.(*  *)  I’c.^Cb  Si  lutypic 
with  MgZnj  with  a  ■  4. £30  A,  c  ■  7.322  A,  and  c/a  «  1.632.(M)  Tlie  tcmunal  tolid  tolutlca*  of  coSutnbittta 
in  Iron  »~1  of  iron  tn  calumblutn  ate  wall  ami  decieiie  With  dcciculng  tempetaitue. 


•1/01 


(13) 


Temperature, 


COLUMDIUM-LANTHANUM  SYSTEM 


Extensive  tegluttt  of  ImralsdbllUy  occut  in  the  liquid  and  (he  solid  teglent.  Th«  mcnotectlc  horizontal 
Ilex  at  2400  a  20  C.  Sepatatitm  Into  two  layers  cccuit  it  0. 1  to  0.2  weight  pel  cent  lanliuuuim.  Tftc 
tolublHty  In  the  tolld  state  ts  lest  thin  0.05  Weight  per  cent  at  toons  tempetatute.(H) 


•!/Gl 


(H) 


Temperature, 


Temperoture  , 


COLUMB1U  M-MOLYBDEW  ■{  SYSTEM 


Colti-ilum  *nJ  molyWtnum  form  *  comIbuow  m/Ui  of  wild  Komolov  dctcjntfmid  iht 

m  tiling  poirx  of  »Uoy»  eoouinlac  20,  90,  70,  mi  90  per  coat  moiyWtmim.f20) 


Temperature, 


C0LUMB1UM-NICKEL  SYSTEM 


CbNl3  hat  an  orthorhombic  TlCua-tyoc  tttuciure  with  lattice  parameters  a  *■  5. 10  kX,  b  «  4.55  kX,  and 
c  *  4.25  kX.C-23)  the  solubility  of  colutnblum  In  nickel  It  approximately  IS  weight  per  cent  at  1250  C.  the 
solubility  of  nickel  in  columbium  it  lets  titan  5  weight  per  cent. (24)  the  dsagtom  vat  construced  horn  iho 
data  prepared  by  Pogodin  and  Selekmann.(25) 


Temperotur«, 


COL  UMUIUM- ZIRCONIUM  SYSTEM 


Atomic  Per  Cent  Zirconium 


The  diagram  developed  by  Rogers  and  Atklr.l  shows  ihat  complete  solid  solubility  exltis  above  1000  C.(®3) 
A  eutectold  occms  s:  spsxsimitely  625  C  sr.d  32.5  weight  per  cent  zirconium.  The  horizontal  extends  from 
13  to  33.5  per  cent  zirconium.  Domagala  placed  the  eutectold  temperature  at  800  C,  with  the  continuous 
series  of  solid  solution!  existing  above  1180 

!30) 


Temperature, 


COLUMJHUM-OXYGEN  SYSTEM 


Atomic  Per  Cent  Oxygen 


Weight  R*r  Cent  Oxygen 
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Ira  uer  imported  that  three  oxides  of  coltunblum  exist  with  limited  regions  of  liomogenelty.  CbO  potscttst 
i  cubic  structure  with  *  *  4.211  A  And  six  atomiser  unit  cell  (NiCl  lattice  wills  ordered  vacancies).  The 
CbOo  structure  Is  similar  to  the  ruule  structure, (-C)  CbjOs  occurs  as  thr<-e  crystalline  modifications^2?)  Tlte 
solid  solubility  of  oxygen  In  columbium  varies  from  0,25  weight  per  cent  at  COO  C  to  0,72  weight  per  cent  at 
the  eutectic  temperature  1916 


4/01 


(18) 


COLUMDIUM-PUITONIUM  SYSTEM 


Ternperolure, 


COLUMDIUM- RHENIUM  SYSTEM 


Tko  compound!  ate  present  in  this  system.  The  sittuit  phase  is  (somorphoui  wiili  Iron-chromium  tigm* 
vmit  t  *>  S.72  A,  e  «  5.07  A,  and  c/a  *  0.52,(3-)  Tire  cm  phase  it  nn  a-Mn-type  structure  with  a  «  0.67  A.*3*) 
The  diagram  shown  is  the  retult  of  work  performed  by  Grant  *nd  Giesren,*32)  it  differs  from  prior  work  in  rise 
stability  range  for  the  sigma  phase.  Greenfield  and  Beck*30)  and  Levesque,  Bekebrede,  and  Brown*33)  state  that 
the  sigma  phase  it  stable  only  in  the  tcmpcra’ur*  range  below  1075  C.  Knapton's  hypothesis  that  sigma  U  stable 
at  high  temperatures*3*)  agrees  with  Grarc's  results. 


(20) 


Temperoture 


COL.UMBIUM-SIUCON  SYSTEM 


Atomic  Par  C*m  Silicon 
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Tluee  Uuertnedlme  piutci  wcte  reported  by  Kcapion.t35)  Cb,.Sl  It  Itomotphoui  with  Ta^Sl  and  Zr^Si. 
Samsonov  reported  lire  structure  to  have  a  hexagonal  < -FegN-iype  suuctutt  with  a  «  3.59  A  and  c  ■  4.40  A.^33) 
CbjSIy  exliU  in  Uu  modifications,  with  the  uanitotmaUcn  between  2909  and  2100  C.(3”i  CbSlg  has  a  hexa¬ 
gonal  CtSl2'iyp«  structure  with  a  *  4.795  A,  c<*  6.689  A,  and  c/s  ■*  1.374A33) 


•1/Cl 


(21) 


C0LUMB1UM- TANTALUM  SYSTEM 


Atomic  Per  Cant  Tantalum 


The  eslnmbhsm-listelum  :j V.r'Si  forms  s  continuous  scries  of  solid  Hdutiwiis.W  4-)  Williams  miu 
Pcchirf41)  determined  the  locnioo  of  the  solidus  curve  for  the  system.  The  melting  points  of  the  pure  mewls 
rue  slightly  lower  titan  the  accepted  values  and  may  hr.  attributed  to  the  presence  of  oxygen. 


•l/Gl 


(22) 


Temperature, 


‘axi|oi»dui»i 


COLUMBtUM-THORlUM  SYSTEM 


There  lie  nc  compound s In  ihc  system.  A  eutectic  reaction  occurs  at  HM  C  and  8  weigh*,  per  cent 
colurnblum.  Solubility  of  colurnblum  Is  vety  limited  In  a)!  terminal  phases.  The  maximum  solubility  Is 
leu  than  l  weight. per  cent  colurnblum  at  1435  C,  and  less  titan  0,,\  weight  per  cent  In  alpha  tlsorlum. 
Thorium  solubility  in  colurnblum  Is  negligible,  t**) 


4/61 


(«) 


Temperature,  F 


COLU MBIti M -TIN  SYSTEM 


Cb3Sn  is  *  /J- tungsten-type  structure  with  a  ■  6.29  A.(5S» 3S)  The  solid  solubility  of  tin  in  co’.jmblum 
is  9.2  weight  per  cent  a;  room  temperature,  increasing  to  14  per  cent  at  the  petitectic  temperature.  The 
solubility  of  columbium  in  tin  Is  less  than  0.1  weiyht  per  cent  at  the  melting  point  of  tin.(38>39) 


•1/Cl 


(24) 


Temperature,  F 


Seta-titanium  and  columblum  from  *  continuous  scrlei  of  solid  solutions.^)  Matter.;!  tic  transformation 
occurs  In  alloys  up  to  28  weight  per  cent  columblum  under  cooling  tales  of  100  to  10, 000  dag/sec/**)  The 
minimum  concentration  for  retaining  bee  beta  structure  by  quenching  Is  36  per  cent  co!'  '~  lutn.(d5) 


COLUMBIUM-TUNGSTEN  SYSTEM 


Atomic  Par  Cent  Tungsten 

20  40  60  ao 


Mikheev  and  Pcvi'-r/51-'  Von  Boliont52),  and  Buckle^0)  stated  that  die  coltimblum-tungsten  system 
formed  a  continuous  series  of  solid  solutions. 
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(26) 


Tamparotura 


Temperature 


COLUMJ5IUM-VANAD1UM  SYSTEM 
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Wilhelm,  C arisen,  and  DIeVU»n  found  ih«  die  lytiem  was  a  continuous  series  of  «o|U  solution:.^ 


T«mp«rotur*,F 


COLUMMU.M-ZINC  SYSTEM 


CbZri3  It  a  cable  AuCuj-type  rtructure  with  a  ■  3.03  A.f229*291)  CeZnj^  it  hexagonal  with 
a  *  5. 2U3  a  ami  c  *  24.43  A.  The  structure*  of  the  other  two  compound!,  CbZn  and  CbZnj,  Jiavc  mi  been 
determined,  Hie  temperature!  given  far  the  perltecrlc  reaction!  represent  equilibrium  temperature*  under 
6  to  8  atmosphere*  pressure  of  line  vapor.f22*)  Two  tiaidentiflcd  phase*  posilbly  form  by  perlteetlc  reaction 
at  ihe  low-temperature  line -rich  portion  of  the  diagram.  A  eutectic  It  inspected  at  leit  than  0.2  weight  per 
cent  columblum,  a  few  degree*  below  the  melting  pofnt  of  zinc,  lio  tolubllltv  of  zinc  In  columblum  ha* 
been  found.<2*>) 


4/Cl 


(29) 


Temperature , 


COJLUMBIVM- ZIRCONIUM  SYSTEM 


Atomic  Par  Cent  Zirconium 


The  diagram  developed  by  Rogers  and  Atkir.s  showt  that  complete  solid  solubility  cxltis  above  1000  C.(53) 
A  eutectold  occuii  a:  approximately  625  C  ar.d  32.5  weight  per  cent  zlronlum.  The  horizontal  extends  from 
13  to  33.5  per  cent  zirconium.  Dotnagala  placed  the  eutectoid  temperature  at  800  C,  with  the  continuous 
series  of  solid  solution*  existing  above  1180 
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Tampcroture, 
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MOLYBDENUM-ALUMINUM  SYSTEM 
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Weight  Per  Cent  Aluminum 


AlMos(<  )  list  the  structure  of  fl-W(AlO)  with  a  »  4.95  A.t®®)  The  crystal  structure  of  AloMo(5)  has 
not  been  determined.  AlsMofy)  1*  tetragonal  with  a  ■  6.297  A  anti  c/a  ■  1.588.(56)  AI5M0 (p)  has  a 
hexagonal  structure  tsomorphous  with  AlsW  with  a  *  4.89  A  and  c/a  =*  1. 8Q.(5C)  Alj2Mo(a)  It  body-centered 
cubic  with  a  =  7.573  A,  26  atomt  per  unit  cell,  and  it  itotypic  with  The  tolubility  of  aluminum 

in  molybdenum  is  6.4  weight  pet  cent  at  2150  C  and  1.5  weight  per  cent  at  1200  C.(J>'1) 
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Temperature , 


MOLYUDENU M -B ER  Y LLiUM  S YSTfiM. 


Atomic  PerC'ht  Beryllium 


200c  - 


+  Eutectic 


Weight  Per  Cent  Beryllium 


Two  Intermediate  phases  occur  In  the  lyitem.  Be^Mo  has  a  hexagonal  MgZi^(CW)  type  of  structuic 
with  a  ■  4.433  A  and  c»  7.341  A.(61)  Be^Mo  Is  body-centered  tetragonal  with  a»  7.27  A,  c*>  4.23  A, 
with  26  atoms  pet  unit  cell  There  Is  a  eutectic  at  approximately  C.o  per  cent  beryllium  and 
1870  C.t63*6-4) 


(32) 


Temperature 


MOLYBDENUM -BORON  SYSTEM 


The  following  borides  have  been  identified:  McvOi  it  ter'agonsl  of  die  CuAl^ClC)  type  with  a  >  5.543  A, 
c»  4.135  A,  and  c/a  ■  0.854.(53,59)  M03B0  it  tetragonal  and  itotypic  with CrsBj.  The  low-temperature 
form  of  MeB  Is  tetragonal  with  S  MeB  molecules  per  unit  cell,  and  a  *  3.110  A.  c  *  1C.  05  A,  and 
c/a  “  5.45(58,59)  The  high-temperature  modification,  /> MoB,  !s  ortltoilsomblc  and  isotypic  with  CoB,  Cb6, 
and  Ta3,  with  a  a  3,  is  A,  b  =  8.G1  A,  and  c  a  3. 08  A. (59)  MoB‘>  is  a  hexagonal  AIBj  (C32)  type,  with 
a  ■  3.0U  A,  c  =  3.10  A,  and  c/a  *  1.01.(5®)  MonBg  Is  thombohcdral  with  the  hexagonal  axis  a  »  3.011  A, 
c  »  20.93  A,  and  c/a  *  0.95.(53,59)  \  Climax  Molybdenum  Repoit(c0)  gives  ih»  eutectic  temperature  as 
2180  C  and  a  composition  of  2.75  per  cent  boron,  a  value  whhh  differs  from  the  results  obtained  by 
Stelnitc.(59) 


Temperature, 


Temperature, 


MOLYBDENUM-CARBON  SYSTEM 
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Weight  Per  Cent  Carbon 


u. 


Citbon  dissolves  btemitlally  up  to  0,013  weight  pet  cent.'651  MojC  li  t  hexagonal  WjC-type  structure 
with  e  »  3.CS2  A,  c»  4.724  A,  end  c/e  ■  1.674.(66,6'1)  The  hexagooal  pbeu  MoC  is  Isotypic  with  WC. 
There  U  disagreement  on  the  values  for  tire  let  lice  parameters.  Kuo  gives  the  vtluca  as  *■  2.838  A, 
c  =  2.803  A,  anti  c/a  ■  0.989,  with  one  molybdenum  etom  per  unil  celi.t®1)  Novotny  ttportsd  the  lattice 
constants  a  «  3.01  A,  c«  14.C1  A.  and  c/a  «  4,85,  with  12  atoms  of  molybdenum  per  unit  cell.W 


Temperoture, 


MOLYBDENUM-CHROMIUM  SYSTEM 


P«»  C»«l  CM0*>vm 


The  m<ilyb4«iiuai-£h.*cmlum  lyjierr.  focnt  i  contlnusu:  setlei  of  wild  toluilcw  *t  Uljh  tempct- 
muki.I15**4*  «)  A  mliJnw.ii  In  the  melting  point  occwt «  nppioxliiuicly  10  weight  per  com  chicuJura 
end  1M0  C.C*1)  Evidence  of  •  piuue  tuiuformetion  in  alloys  up  to  40  weight  pat  cent  chromium  h*t  been 
fassd.HU 


4/Cl 


(3S) 


MOLYBDENUM-COBALT  SYSTEM 


The  solid  solubility  of  cobalt  In  molybJemtra  was  found  to  be 2.75,  1.75,  '.4,  O.Oo,  and  0.6  weight 
pet  cent  si  1460,  1375,  1300,  1200,  and  1100  C.(®9)  1.10gCo7  Is  :hombobedtal-l>mgona!  sod  Isotypic  with 
W^e7  (D9s  type),  lu  lattice  parameter!  ate  *■  8.890  A,  a  »  30'4B'  at  the  Ideal  composition,  and 
a  ■  8.873  A,  aa  30*53'  If  sanitated  with  cobalt. (W)  The  structure  of  M0C03  is  similar  to  that  of  WC03. 
Tills  phase  is  Isotypic  with  NljSn  (DOjg  type). (10) 


VC1 


(36) 


Temptrature, 


MOLYBDENUM-HAFNIUM  SYSTEM 


The  Intermediate  Laves  rj-phase,  M  02111.  fouiu  at  2180  C  by  *  petltecrlc  reaction.  The  crystal  juncture 
of  (lilt  phase  Is  a  cubic  CujMg  (CIS)  type,  wills  8  molecules  pci  unit  cell.  Its  lattice  parameter  Is  7.560  A. 
The  solubility  of  liafoium  in  molybdenum  Is  <10  weight  per  cent  (28  atomic  per  cent)  at  2180  C,  decreasing  to 
28  weight  per  cent  (16.5  atomic  pet  cent)  at  900  C.(78) 
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(37) 


Tempefatute, 


MOLYBDENUM-HYDROGEN  SYSTEM 


T«mp«rotur»,C 


Shown  ate  the  reiulu  of  two  dettrmina.lom  of  the  Jolablllty  of  hydrogen  In  wild  tnolybdawin.  Curve 
A  wit  determined  by  MattinC'C),  Curve  •  by  Sfeveru  and  StOnlng. G7) 
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(38) 


MOLYlMsSN'-M-JRON  SYSTJ2M 


Weight  Per  Cent  Iron 


The  (•  ptuw  U  rhombohedul  of  the  W6Fe7  (D85)  type,  with  *  ■  8.99  A,  «  -  OO'M.S'J72*  13>  The 
itiuctiue  of  the  Q-phAj*  fj  tetragonal,  with  a  «  9.188  A,  c»  4.812  A,  and  c/a  ■  0.  ?237  at  36  weight  pat 
cent  iren  (59  atomic  per  cent).  There  arc  30  atomi  per  unit  cell. (W)  The  tolublllty  of  Iron  in  molybdenum 
It  10.5,  6.9,  4,8,  and  7.7  weight  per  cent  at  1480,  1400,  1200,  1209,  and  1100  C,  tapcctively.O5) 
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Temperoture, 


MOLYBDENUM-  MANGANESE  SYSTEM 


A  sigma  phate  of  50.X  weight  pe;  cent  (63.7  atomic  pet  cem)  Is  stable  afcjve  1X15  C.  It  has  a 
teu*gon»l  structure  with  a  ■  9.10  A,  c  ■  4.74  A,  tod  c/»  ■  0.62,  and  ordered  atomic  arrangement.^.  80) 
Twenty  weight  per  cem  manganese  war  found  dissolved  In  alloys  fast -cooled  (800  C  per  minute)  front  1800  C. 
Only  about  10  per  cent  remained  tn  solution  after  slow  cooling  to  room  temperature. (81)  Another  Intermediate 
phase,  pouibly  stable  only  above  1100  C,  exists  between  80  and  88  atomic  per  cent  manganese.^82) 
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Temperature, F 


MQhYUDENUM-NICKEL  SYSTEM 


Atomic  Per  Cent  Nickel 


Weight  Per  Cent  Nickel 


MoNl  (5)  formi  by  a  pcrltectlc  rtaciinn  at  approximately  1350  MoNlg  (»  It  hexagooal  clow, 

packed  with  a  »  2.54  A,  arid  c,*a  ■  1.65.(86)  MoNLj  (/j)  wat  iqjoned  to  be  a  face-centered  tetragonal 
tupemtucture  vitha«  3.C2  A,  c*  3.57  A,  and  c/a  «  0.986.  h’*m  repotted  P  to  have  an  ordered  face- 
centered  tetragonal  structure  with  a  *  5.131  A,  c»3.571A,  and  c/a  »  O.C23.(s<')  The  tolublUty  cf  nickel 
In  raol;Meoum(88)  '3  0.8,  0.75,  0,65,  and  0.5  weight  per  cent  at  1340,  1316,  1290,  and  1200  C, 
retpentlvely. 


MOLYBDENUM-NITROGEN  SYSTEM 


Weight  Per  Cent  Nitrogen 


The /3-phaie,  suble  only  above  £03  C,  hat  a  facc*ccnw ted  tau  agonal  lattice  of  Uic  molybdenum  atottu 
wiili  a  ■  4.18  A,  c*  4.02  A,  and  c/a  »  0.061,  after  quenching  from  above  860  C.  The  politico  of  nitrogen 
atomi  it  unknown. I83)  Mo;N  U  face-cantered  cubic  with  a  ■  4.163  A  on  the  molybdenum  tide  to  a  *  4.181  A 
on  the  nitrogen  tide.  MoM  hat  a  hexagonal  supetttmetute  comittlng  of  16  atomi  pee  unit  cell  with  a  »  5.726  A, 
c«  5.C08  A,  and  c/a  *  0.980. (W) 
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(421 


MOLYBDENUM-OSMIUM  SYSTEM 


Tt.ft  mohbJcnum-otiulum  tytietn  It  iti  lu  final  itagct  of  development  i.;*  Taylot,(l7<lJ  Ho  found  the 
selubSUty  of  (Minium  in  molybdenum  to  range  fiom  alout  10  weight  pet  cent  at  lOvu  C  to  30  weight  per  cent 
at  0320  C.  A  /Hungucn-iype  piute,  WogOt,  fottm  »tou«<l  ?20C  C.  HU  liable  over  a  limited  competition 
rjs it  ifcout  40  weight  per  cent  osmium.  A  sigma  uiute,  MojOsy,  fount  by*  a  petltcctlc  tcaetion  at  ap* 
j'K'.Umatdv  24C0  C  and  45  wel^u  per  cent  osmium.  It  It  ttabin  nv«r  a  <uwitj*»ltioa  >«nge  of  about  10  weight 
per  cent  at  1000  C.  Molybdenum  It  tolubk  in  otmlum  up  to  25  weight  pet  cent  at  1000  C,  Increasing  to 
abou'  30  Weight  per  cent  at  2400  C. 


Hu  diagram  St  available  at  tliit  time. 
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T*mp*roiur«,  F 


MOLYBDENUM-PALLADIUM  SYSTEM 
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Weight  Per  Cent  Palladium 


Th«  Intermediate  phase  t  It  heaagonel  close  packed,  formed  by  a  perltecdc  taacdoei  at  1740  C. 
Havonh  and  Hume-Pothety  established  »bc  existence  of  a  alight  solubility  of  palladium  In  molybdenum  at 
high  temperatures,  4  to  9  weight  pat  cap.*  palladium.*90)  Thair  findings  dlsagr.fi  with  the  solubility  values 
obtained  by  Gteenfleld  and  Beck  of  up  to  28  waigiit  per  cant  palladium.*91)  Reub  datatmlnad  that  the 
solubility  of  molybdenum  in  pallid  urn  is  44.9  weight  pee  zzzz,  molybdenum  at  1200  C.  decreasing  to  33.2 
per  cam  at  800  C. 
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Temperature 


MOLYBDENUM-PLATINUM  SYSTEM 
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Weight  Per  Cent  Platinum 


Knaptom32)  verified  Raub't  flndhgif92)  of  *n  intermediate  phater  with  i  hexagonal - cloie-jucjted 
•tructure,  with  a  ■  2.80  A  and  c/a«  1.603,  at  the  snolybdenum  tide,  and  a  ■  2.786  A  and  c/a  *  1.611, 
at  the  platinum  side,  aj  is  face-centered  teaagonai  with  a*  3.896  A  and  c/a  »  1,005  to  1.009.  The 
solubility  of  platinum  In  molybdenum  It  very  alight. 


Temperature, 


MOLYBDENUM-RHENIUM  SYSTEM 
Atomic  Per  Cent  Rhenium 


Theo-phite,  Moo  Re2,  It  a  tetragonal  (Dj*)  structure  isomorpltom  with  the  o-phtte  found  In  lion- 
chromlum  altoyi.t94*9?)  The  lattice  pimnet ett  at  60  atomic  pet  cent  (73  weight  per  con)  ate  a  -  9.588  A, 
c»  4.983  A,  and  c/a  a  0.5iS7.<")  Kr.apton  found  thco-phaie  to  be  liable  only  at  11S0  C  and  above. t9*) 
The  oody-centered  cubic  phase,  x,  l»  ly.>morphoiu  withn-manganeae.  it  corteipowtj  to  an  approximate 
composition  of  MoRe3  with  a  ■  9.55  A.(91>  94)  The  solubility  of  rhenium  In  molybdenum  range*  from  46 
weight  per  cent  at  1200  C  to  59  weight  per  cent  at  the  eutectic  temperature,  2505  C.(®4) 
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Ttmptrofurc, 


MOLYBDENUM-RHODIUM  SYSTEM 


The  tyitem  conulnt  *  eutectic  at  approximately  41  weight  pet  cent  (40  etomle  pet  cent)  rhodium. 

The  mexJmum  toiublllty  of  rhodium  In  molybdenum  it  approximately  21  weight  pet  cent  at  tire  eutectic 
horizontal,  dlmlnlthlnj  to  le>i  then  3  weight  pet  cent  at  1100  C.l90)  The  t -pirate,  It  hexagonal  data  packed 
with  a  ■  2.140  kX,  c*  4.330  kX,  and  c/a  ■  1.5W  at  CO  weight  pet  cent  ihodlurj.t9<,»*a) 
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Temperature, 
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MojSI  li  iwtypic  vflsh  frVapuu  (A15  type),  «  «  <.83  so  4.30  A.<M>  MojSIj  It  s«t»»gooal  wish  *« 
di  mentions  *  ■  9.C6  A,  c  r  4.90  A,  and  c/t  ■  0.51.  The  cell  coouisu  8  MoSi2  li  tetragonal, 

wish  8  stems  per  unit  cell  (CHS  type),  wish  s  -  3.20  A.  c  »  7.88  A,  *r.d  c/a  •  i.  152.(®*) 
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Temperature, 


MOLYBDENUM-TANTALUM  SYSTEM 


Atomic  Per  Cent  Tantalum 


5400 
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4600 


IL 


Molybdenuin-unulum  »Uoy«  exhibit  ■  ccmlnuou*  seilei  of  wild  Mlstloni/*®* lu0*  shown  ue  the 
ictulu  of  i  melting-point  »tudy  made  by  Geech  end  Suminen-Sinith.(10J) 
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Temperature, 


Tempera  Jure, 


MOLYBDENUM-TITANIUM  SYSTEM 


AiomiC  Per  Cent  Tncmum 


Molybdenum-titanium  alloys  exhibit  a  continuous  sales  of  solid  solutions  above  900  C.(^*> The 
body-centered  tltaniunt-rlch  solution  transforms  to  a  hexagonal-close-packed  structure  below  885  C.(^,X04) 
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Temperature, 


Temperature , 


MOLYBDENUM-URANIUM  SYSTEM 
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MOLYBDENUM-VANADIUM  SYSTEM 


The  molybdenum*  venidlum  lyjtem  fotmi  •  cooilnuou*  tetiet  of  tolld  tolutlon*.  The  Uttlee  peremeteti 
ihown  veee  <l««mlnod  by  Peplu  end  Kieffw,  U®1) 


MOLYBDENUM -ZIRCONIUM  SYSTEM 


Atomic  Per  Cent  Zirconium 


MoZr2  U  noiypio  with  MgCu2  (C15  type),  a  >.  7.535.  (107< ni)  The  wild  »oIuli|)liy  limit  of  zirconium 
In  jlovly  cooled  alloy*  was  approximately  7  weight  per  cent  zirconium,  t*07) 
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Temperature, 


MOLYBDENUM- ZIRCONIUM  BORJDE  SYSTEM 
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Alloyi  of  -45  weigh!  ptr  cent  Zti;  {40  atomic  pet  cent)  wet*  almoit  *11  »lng!e  phaie,  Klo#tl2.  Tb* 
pliuc  hi!  i  rttotnblc  imieitue  analogm  (o  MojN'tBj.  No  otbet  phruci  wtte  found  la  the  lyium.  Ai  t*m- 
jxmutei  up  w  1800  C,  tampUi  containing  24  Weight  p*t  tern  Zr«£(2Q  atomic  ceut)  melted  partially. 
Alloy!  with  high  ZtSj  content  ihowed  tlgni  of  melting  from  1000  to  2000  C.  The  maximum  tolublllty  of 
Zt»2  In  molybdenum  ti  about  5  weight  pet  cent.  The  tolublllty  of  molybdenum  In  Zt»2  wat  not 

determined. (228) 
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TANTALUM- BORON’  SYSTEM 


*****  IV  C»t  Born 


*nd  Tl33  ixt  stable  at  high  temperatures  cnly.U12)  TajB*  Is  otthorhomblc  with  *  ■  3.?9  A, 
b  ■  14.0  A,  and  c  «  3. 13  A.(113)  TaB2  li  Ucxr  anal  (A1B2  type)  with  a  ■  a. 0/8  a,  e  ■  3.vdb  A,  ami 
e/a  ■  1.W.U43)  Tto0  j,*, »  tetragonal  CuAViype  structure  with  a  »  5.778  A,  c  *  4.864  A,  astd 
c/a  ■  0.842.N12.11^)  TaB  is  orthorhombic  (AS  type)  with  a  *  3.29  A,  b«14.0A,  and  c  *  3.13  A.Ul*') 
The  phase  diagram  was  developed  by  Kleffer  and  Benesovsky.U14) 
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TANTALUM- CARBON  SYSTEM 
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Ts«C  it  hexagonal  clo^e  picked  with  a  ■  3. 101  io  3.104  A,  c  *  4,037  to  4.941  A,  and  c/a  *  1.687.U1**) 
TaC  U  face-centered  cubic  (NaCl  type)  with  t  *  4.20  to  4.07  A.(115)  The  T«-T«2C  eutectic  occur*  *’ 

0.8  weight  pet  cent  carbon  and  2800  C,  andtheTeC*C  eutectic  occur*  at  10  weight  per  cent  carbon  and 
3300  C.U16-118) 


Temperature,  C 


TANTALUM -CM  RO  MIU  M  SYSTEM 


Weight  Per  Cent  Chromium 


Dove*  and  Martenst123)  reported  thit  T*Cr2  has  *  polymorphic  transformation  between  1370  end  1650  C 
from  the  !ow-temper*ture  cubic  structure  (MgCu2-iype  with  »  *  6.601  A)  to  the  hlgh-tempcrature  hexagonal 
structure  (*  =  4.925  A,  c  ■  8.062  A,  e/a  «  1.637).  Elliot:  ccntlders  the  eompou.id  lsomorplious  wills  MgZn2 
si  *11  temperatures  from  600  to  1200  C.(124)  Grlgor’ev  et  *1.(233)  ,ulet  that  T»Cr2  undergoes  a  polymorphic 
transformation  at  1805  C.  They  report  that  the  solubility  of  chromium  In  tantalum  Is  about  5  weight  per  cent 
at  1800  C,  and  th-  solubility  of  tantalum  In  chromium  li  about  10  weight  per  cent  at  1700  C. 


TANTALUM-COBALT  SYSTEM 


Atomic  PcrCent  Cobolt 


Two  modifications  of  TaC02  have  been  reported:  the  MgCu2  tyP*  with  a  »  6.13  A,  end  the  hexagonal 
MgZn2  type  with  a  =  4.79  A.  c  =  7.83  A,  and  c/a  =  l.Kl/11  •  The  compound  Tag,  3002,2  (fi2.7  weight 
per  cent  tantalum)  possibly  occurs  between  1000  and  1300  C.  Wallbaum^*^  Identified  tJte  phase  as  a  hexag- 
onal,  MgN2'type  structure  with  a  =  4.72  A.  c  =  15.33  A,  and  c/a  =  3.26,  Two  modifications  of  Use  com¬ 
pound  TaCoj  (50.6  weigh',  per  cent  tantalum)  were  studied  by  Korchynsky  and  Fountain:  the  ordeied  face- 
centered  cubic  with  a  =  3.05  A,  and  the  hexigonsj  with  a  =  3.41  A,  c  =  15.50  A,  and  c/a  «  1.65,(119) 

The  diagram  was  determined  by  Kostcr  and  MulflngeK-'2!)  and  by  HoschimotoO22). 
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TANTALUM-HYDROGEN  SYSTEM 


Atomic  Per  Cent  Hydrogen 
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Weight  Percent  Hydrogen  a~34»5» 


There  is  poor  agreement  as  to  the  maximum  solubility  of  hydrogen  in  tantalum. 026-129)  ya|,c  cl  a]a 
list  tlie  solubility  of  hydrogen  as  40  atomic  per  cent  above  60  C,  decreasing  to  10  and  0  per  cent  at  0  and 
-145c/13t^  This  strongly  temperature-dependent  solubility  reported  by  Waite  could  account  for  the  poor 
agreement.  The  second  solid  solution  (ft)  is  body-centered  (or  slightly  distorted  body-centered)  cubic/131) 
The  /3-phase  also  lias  been  reported  as  a  hydride  of  the  approximate  composition  Taoll  with  a  body-centered 
tetragonal  structure  gradually  distorting  to  a  face.-ccntcicd  orthorhombic  structure  (13°) 
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Temperature 


tantalum-hafnium  system 
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Melting-point  determination!  for  the  tentative  diagram  determined  by  Deardorrf232)  were  made  between 
50  and  100  weight  per  cent  hafnium.  The  remits  Indicated  a  minimum  melting  point  near  80  weight  per  cent 
hafnium.  The  eutectoid  temperature  is  1050  C  with  the-  eutectoid  composition  about  80  weight  per  cent 
hafnium.  The  solubility  of  tantalum  in  hafnium  is  about  7  weight  per  cent  at  1050  C,  possibly  decreasing  to 
less  than  0.30  weight  per  cent  at  950  C. 
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TANTALUM-IRON  SYSTEM 


A*omic  Per  Cent  iron 


Weight  Per  Cent  Iron  A269S« 


Temperoture, 


TANTALUM-NICKEL  SYSTEM 


Aon*  fVCrtNM 
CO 


Per  Cent  Ntekel 


TaMIjj  Is  orthorhombic  (slightly  deformed  hep)  with  i>S,  114  A,  b  *  4.250  A,  and  c  *  4.542  a/13°) 
The  compound  TajNlj  has  been  reported  but  not  confirmed/13®)  Alloys  between  0  and  5  weight  pet  cent 
nickel  and  below  1609  C  consist  of  a  tantalum-rich  solid  solution  containing  less  titan  0.05  weight  per  cent 
nickel  and  an  Intermediate  phase. 


TANTALUM-NITROGEN  SYSTEM 
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Atomic  Per  Cent  Nitrogen 


Two  intermetslllc  compounds  are  definitely  established  for  the  tantalum-nitrogen  system.  TaN  is  hex* 
agonal  close  packed  with  a  «  5. 161  kX,  c  ■  2. 90S  kX,  anu  c/a  ■  0.5B1,(132)  T»2N  is  alto  hexagoual  close 
packed  with  a  »  3,042  kX,  c  *  4.009  kX,  ajid  c/a  »  1,614.(132»  133)  The  melting  point  of  TaN  has  been  given 
at  2890  C^13d)  and  3080  Chiotti  has  shown  that  TaN  dissociates  at  high  temperatures,  forming  the  lower 

nitride,  Ta^N,  and  nitrogen. G30)  Between  1000  and  2000  C,  st  least  ?  atomic  per  cent  nitrogen  dissolves  in 
tantalum.  G37) 


1 
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TANTALUM-OSMIUM  SYSTEM 


The  sigma  phase  forms  by  a  perltectlc  reaction  at  approximately  2600  C.t147)  rite  structure  Is 
tetragonal  with  a  a  9. 934  A  and  c  a  5. 189  A  at  26  weight  per  cent  (25  atomic  per  cent)  osmium,  f*-*®)* 

The  gamma  phase  lotms  by  a  pcriicctlc  reaction  at  2t20  C.  <1,n)  The  struct  tie  Is  jxobablv  the  cubic  a- 
manganese  type  observed  by  Knapton  .  with  the  unite  pa.  a  meter  a  ■  639  A.  The  solubility  of 

osmium  in  tantabnn  is  10  weight  per  cent  (15  atomic  per  .cm)  at  1C0C  C.  Increasing  to  23  weight  per  cent 
(22  atomic  per  cent)  at  2500  C,  t*'*7)  1  he  solubility  of  tantalum  in  osmium  i  20  weight  per  cent  (25  atomic 

per  cent)  at  1600  C.  decreasing  to  18  weight  per  cent  (19  atomic  per  cent)  at  2-120  cS1*'1) 
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Temperature 


TANTALUM-OXYGEN  SYSTEM 


Weight  Per  Cent  Oxygen 
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Six  oxide:  of  tantalum  luve  been  repotted.  [}•  TajOs  is  the  only  oxide  that  Is  firmly  established,  It  has 
an  orthorhombic  structure  with  a  *  0.  ID  A,  b'  3.60  A,  and  c  »  3. 89  A. (HI)  //-TajOs  transforms  to  the  high- 
temperature  o-Ta^  at  1320  to  1350  C.(H2,  Id 2)  T1O2  has  a  tetragonal  (T:U2  type)  structure  with 
a  »  4.709  A,  c*  3.085  A,  and  c/a  *  O.C51.(14,1)  TaO  is  cuhte(NaCl  type)  with  a  «  4.22  to  4.39  A.(I+<) 
TajO  is  onhoihombtc  with  a  «  5.23  A,  b  =  4.92  A,  and  c  »  3.05  A.( 1<3)  Ta^o  Is  orthorhombic  with  a  *  7. 194 
to  7.238  A,  b  ■  3.26G  to  3.273  A,  and  c  *  3,204  to  3.216  A.(1+<)  The  solid  solubility  of  oxygen  In  tantalum 
is  1.5,  2.2,  3.1,  and  4.2  atomic  per  cent  at  700,  900,  1100,  and  1300  C,  respectively, (H5)  The  lattice 
parameters  were  determined  by  Gebhardt.(HO) 


TANTALUM-RHENIUM  SYSTEM 


"Alright  Per  Cent  Rhenium 


Rca't'sn*  ili«  sigma  phase,  lut  a  complex  tetzatiedul  stiUiiure,  liamnrplw*  with  tiic  sigma  phase  found 
In  Oie  Iton-clnomlism  system.  The  li'.Kce  param-ttcr  is  a  ■  9,69  A  and  c/a  «  O.iQ.C1"13)  The  chi  phase  Is  a 
complex  cubic.  tw.ttplKH*  with  The  lattice  patemster  varies  from  9,80  A  at  60  weight  per 

cent  (J>9  atomic  per  cent)  to  9. 63  A  at  30  we  I  phi  cer  cent  (73  atomic  per  ccm).(,-,s) 
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Temperoture, 


TANTALUM-RUTHENIUM  SYSTEM 
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u. 


Ruthenium  U  highly  roluble  la  unulum.  at  Indicated  by  the  large  ■  field.  Detailed  Xtay  aoalytU 
of  the  e-phare  t hewed  that  tlie  body-centered  cubic  structure  of  tantalum  changer  to  a  body-centered 
tetragonal  at  the  rhenium  content  Increarer.  Thlt  change  beglnt  between  24  and  27  weight  pet  cent  rhenium 
(35  and  40  atomic  per  cent).  An  ordering  reaction  in  the  aolld  rotation  near  30  weight  per  cent  rhenium  war 
alto  hidicatcu.  Trie  ttntcrutet  of  the  intermediate  pharca  pand  y  were  not  dbciiMcd. 
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Ttmptroturc, 


TANTALUM -SILICON  SYSTEM 


AiomiCPorConl  Silicon 


(150) 


T34.5i0.5si  11  hexa^onjl  (NI3S1J  type)  with  *  «  0.093  kX,  c  *  4.909  kX,  and  c/a  «  0.807.  ’ 
rajSI  li  tetragonal  (C11AI2  type)  wil'd  a  *  6. 155  kX,  c  =  5,029  kX,  and  c/a  "  (X818. '  '  TasSi3  i« 

texagonal  (MnjSh,  tyjte)  with  •  «  7,459  kX,  c  =  5.215  kX,  and  c/a  =  0.699,  '  TaSi2  is  liexagonal 

CtSIo  type)  with  a  *  4.771  KX.  c  =  0,551  kX,  and  c/a  «  1,373.  parthe*  et  al.C1®1)  found  a  hlgh- 

md  low-temperatute  modification  for  TagS^  with  a  tetragonal  structure  and  lattice  pirameteri  a  *  9.30  kX, 
:  =  5,05  kX.  c/a  =  0,51  and  a  *  0.503  kX,  c  *  11,849  kX,  and  c/a  *  1.82?,  respectively.  Hansen  '  ' 
jroposed  the  phase  diagram  shown. 


Temperature, 


TANT^  L4IM-TKM..URIUM  SYSTEM 


The  compound  TaTc3  Has  a  tetragonal  lattice  with  a  «  G.J>.  kX  and  c  ■  11.8  kX.  The  n-phasc, 
TaTc0  gj.  j  ‘hows  a  polymorphic  change  at  840  C.  There  Is  also  evidence  for  the  existence  of  a  lower 
tellurlde  of  tantalum/1*2) 


Temperoture 


Temperature, 


Temperature 


TANTALUM-URANIUM  SYSTEM 


The  high -temperature  solid  solubility  of  tantalum  In  uranium  and  uranium  in  tantalum  is  less  than 
2  atomic  per  cent.  A  peritectic  reaction  occurs  at  1175  C  near  the  uranium-rich  side.  No  intermediate 
compounds  were  observed. 


(76) 
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Temperature 
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Temperature, 


TANTALUM-ZIRCONIUM  SYSTEM 


Atomic  Per  Cent  Zirconium 
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Weight  Per  Cent  Zirconium  A'MMT 


The  maximum  solubility  of  zirconium  in  tanulum  is  approximately  10  weight  per  cent.  The  maximum 
solubility  of  tantalum  in  /3-zirconium  is  appioximately  27  weight  per  cent.  The  solubility  of  tantalum  m 
u-zirconiutn  is  less  than  0.22  atomic  per  cent.  No  intermediate  phases  were  found.O60) 
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(78) 


Temperature, 


TUNGSTEN-ALUMINUM  SYSTEM 


Weight  Per  Cent  Aluminum 


WAltft)  hat  a  monoclinic  structure  with  a  ■  5.272  A,  b  »  17.771  A,  c  ■  5.215  A,  and  /3«  100*  12'. 
The  cell  comaint  30  aioint  mostly  confined  to  8  well-defined  layers.  C1®1)  WAljjfy)  hat  a  body-centered 
cubic  structure  with  two  WAlyg  u>llu  per  cell. I163)  The  third  intermediate  phase  is  WA1&(5).  The  solubility 
of  aluminum  in  tungsten  is  2.4  weight  per  cent  at  1300  C;  the  jolublllty  of  tungsten  in  aluminum  is  1.5  weight 
per  cent  at  650  C.(*®3) 


4/Cl 


(79) 


Temperature 


TUNGSTEN-BORON  SYSTEM 


WjB  it  tetragonal  of  the  C11AI2  (C16)  type  wish  a  *  5.564  A,  c  ■  4.740  A,  and  c/a  *  0.852.(68)  A 
'ow-temperature  form  of  WB,  ruble  below  1850  C,  it  tetragonal  (MoB  type)  with  *  *  3. 115  A,  c  *  IS.  03  A, 
and  c/a  ■  6. 44.(66)  The  hlgh-temperatuse  modification,  corresponding  to  /S-MoB,  Is  orthothomblc  (CrB  type) 
with  a  =  a. 07  A. (164)  W2B5  haj  a  hexagonal  defect  >ttucturc  with  a  =  2,962  A,  c  *  13.87  A,  and 
c/a  *  4.65.(164)  Thr  phate  diagram  was  obtained  from  Reference  108. 
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(80) 


TUNGSTEN-CARBON  SYSTEM 


Tlic  low-temperature  modification  of  WgC  is  hexagonal  with  a  «  2.994  A,  c  ■  4.124  A,  and 
c/a  =  1.578.(165)  t|,c  high-temperature  modification  /3-W2C  is  possibly  a  face-centered  cubic  structure 
with  a  =  -1. 16  A. (166)  WC  has  a  simple  hexagonal  structure  with  a  *  2, 906  A,  c  =  2, 83  A,  and 

c/a  =  0.970.(165) 
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(31) 


Temperature,  F 


TUNGSTEN- CHROMIUM  SYSTEM 


Tunguen  and  ch:sr*.iu;:i  ws: :  comtnuoiu  .*  r:c;  e»  wua  y.iuuom  «bovc  lou?  C.  A  solid-slate 
Immisclbiliiy  field  exists  below  this  temperature. (171> 
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(82) 


T«mi 


Temperature , 


TUNGSTEN- COBALT  SYSTEM 


Atomic  Per  Cent  Cobalt 


WCogt y)  is  hexagonal  of  the  NlgSn  (DOi<))  type  with  a  a  5.13  A,  c  *  4. 13  A,  and  c/a  *  0.806.(167) 
WeCo^S)  Is  rhnmbohedral-hexaconal  and  isotypic  with  W«rc7  (O85  type)/167)  lu  lattice  parameters  are; 
a  ■  4.732  A,  c  *  25.53  A  at  the  cobalt-rid)  limit,  and  a  «  4.7C1,  c  *  25.72  A  at  the  tungsten-rich  limit/167) 


•i/Cl 


(83) 


Temperature, 


TUNGSTEN- HAFNIUM  SYSTEM 


W2Hf  h«  the  M8CU2-typc  Jtiuctute  (CIS)  with  a  *  7.  S84  hX.(y2)  Elliot  r -pitta  the  lattice  parameter 
as  a  =  7.55C  The  solubility  of  tungiten  In/J-hafnlum  Is  approximately  13  weight  percent  at  1930  C. 

It  Is  about  0.9  weight  per  cent  In  a-hafnlum  at  1520  C.(32)  Braum  and  Rudy  determined  the  perltectlc 
temperature  as  2540  ±  fcO  C,  the  eutectic  temperature  as  1930  i  30  C,  and  the  eutcm'd  temperatuie  as 
approximately  1730  C.036)  Thc/53^)  sliow  an  a-tunestett  solubility  field  smaller  (6  weight  per  cent  maxi¬ 
mum  solubility)  than  that  shown  by  Grant  and  Giessen^2). 
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(84) 


T*mpero?ure, 


TUNCSTEN’-IUON  SYSTEM 


pi  p» 
<u  «> 


u. 


it  iwawipfcwa  w.sh  ihc  hexagonal  MgZi.a  (C14)  Ricctuic,  with  a  *  4*755  WC,  c  * 7.7C5  hX. 
c/a  ■  1.627.0'i2)  Syket  icpom  lU  o -phase  ai  W2Kc3  with  a  «  4.731  kX,  c  ■  25.71  kX,  and  c/a  «  5.440. 
The  wueturo  tin  u'gonal  lauc  tymmetry  with  39  to  10  atom*  pet  unit  cell.(113)  Amfclt  reported  the 
5'phate  at  W(;Fe7  (II85  type)  with  13  iutuu  pet  unit  cell.  The  uiuctiuo  u  cboinbohedial  with  a  -  9.04  A 
and  «■  30*  39.S\(17<)  Ttie  lolubillty  of  Iron  In  tungiten  It  0.4  weigh;  pet  cent  at  1540  C  with  little  change 
in  solubility  with  temperance. (*75) 
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(85) 


Temperature 


Temperature 


TUNGSTEN-NICKEL  SYSTEM 


Atomic  Per  Csnt  Nickel 


WNI4  U  body-centered  tetragonal  with  *  ■  6,730  1 1  A,  c  ■  3,553  i  1  A,  end  c/a  ■  0.620,  with  10 
atoms  per  unit  cell  In  ordered  positions. UT0  The  tolubillty  of  nickel  in  tungsten  is  (bout  0.3  weight  per  cent 
at  1495  C.im 
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Temperature, 


TUNGSTEN-NITROGEN  SYSTEM 


SOLUDILITY  OF  NITROGEN  IN  TUNGSTEN*197) 
(1  Atm  Pressure) 


Temperature,  C 

zm 

2000 

ICOO 

1200 


Weight  Per  Cent  Nitrogen 

0.38  xlO'3 
0.11 x  tO’3 
O.lSxlO*4 
0. 13  x  lO'* 


Atomic  Pet  Cent  Nitrogen 

0.50  xlO"8 
0.14  x  10‘2 
0.25  x  10‘3 
0. 17  X  10’4 


A  nitifilc  of  the  approximate  competition  wti“  hat  a  faee-ccmvtcd  cubic  lattice  of  tungsten  atom  with 
Interstitial  nitroom  atomi,  a  «  4. 120  A. I SchiSnbeig  obtetveJ  a  hexagonal  plutc  of  the  approximate  com* 
point oa  WN*.  Thu.  phase  Is  Isomotphcus  with  WC  ami  has  the  lattice  constants  a  ■  2.B93A,  c  «  2.820  A,  ami 
c/a  -  0.377. 
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(87) 


Temperoture, 


TUNGSTEN-OSMIUM  SYSTEM 


The  o-phasc,  W.J3t  hit  the  tetragonal  /J- uranium  type  of  structure  with  a  *  9.  C2  A,  c  «  4.93  A, 
and  c/a  ■  0.518.  Theic  lattice  parametcri  were  measured  at  a  composition  of  33.3  atomic  per  cent 
(34  weight  per  cent)  osmium.  The  solubility  of  osmium  in  tungsten  Is  approximately  18.5  weight  per  cent 
at  2930  C.  decreasing  to  9.5  weight  per  cent  at  220(1  C.  The  solubility  of  tungsten  in  osmium  is  53  weight 
per  cent  at  2710  C.  decreasing  to  35  weight  per  cent  at  1500  C.  (*8) 
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(88) 


Temperature, 


TUNGSTEN-OXYGEN  SYSTEM 


OXIDES  OF  TUNGSTEN 


WO.  lut  a  very  nittov  tenge  of  homogeneity.  the  ttructute  it  monocllnlc,  Itomcrnhous  with  M0O2 
with  A"  6.500  A,  b»  4.884  A,  C"  5.546  A,  fi*  118.23*.  and  12  atomt  pit  wall  cel!.(,!'3) 

A  one-phase  region  cxlni  between  the  compotitlott  WOjgj  end  WO*.  75,  The  »tnjetu»  It  mooocUnlc 
with  the  lattice  parameter  a  ■  18.32  A.  b*  3.14  A.  c  ■  11.04  A,f)m  115*a*.  and  61  atom*  pet  unit  cell 
(Wv-O.n-  WO-  (2®5) 

» *r  *  J  •«  «» 

Another  one*phatc  field  occun  between  the  competition  WO  2,  gg  and  ¥02,92*  the  ttructute  It  -‘wtw- 
clinic  wlalt  die  lattice  piram-teti  a  ■  12. 1  A.  b  «  3.18  A.  c  ■  23. 4A,  and  ft*  95*  lot  the  competition 
wo2.SOt*W;oOfg).  the  ttructute  It  elotely  related  to  that  of  RcO^fDOj  type).!206) 

WO3  It  reported  to  liave  three  tnuctutal  modlfleatlont.  the  room  temperature  form  Is  moooellalc  with 
a  "  1,285  A,  b"  1.511  A.  C"  3.835  A,  nndl  /l»-  90.90“.^“01^  At  -60  C,  a  polymorphic  transformation 
occurs,  tciulilng  in  a  ttructute  of  higher  symmetry  than  the  room-temperature  modification.!262)  Between 
100  and  ISu  C,  a  polymorphic  trantformatlon  occurs,  resulting  In  a  tetragonal  structure  with  a  ■  5.25  a  2  A, 
C"  3.92  a  2  A.  e/a  ■  0.146,  and  8  atomt  per  unit  cell.!203) 
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(89) 


TUNGSTEN-PLATINUM  SYSTEM 
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Weight  Per  Cent  Platinum 


The  maximum  solubility  of  platinum  in  tungsten  at  the  solidus  temperature  lies  between  *  and  6  weight 
per  cent  platinum/173)  Platinum  and  tungsten  form  a  setles  of  toild  wlutiom  up  to  a  maximum  of  62  weight 
per  :ent  tungsten/11*9)  Nemllov  found  evidence  of  sn  order-disorder  transformation  In  the  range  of  75  atonuc 
per  cent  tungsten  (76  weight  per  cent)/190) 
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(90) 


•400 


T«mp»rotur«, 


TUNGSTEN- RHENIUM  SYSTEM 


li. 

«h 
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i 
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The  rr-phaw.  I«  a  tetragonal  (D**)  structure  Itomorpbous  with  the  cr-piwse  found  In  iron-chromium 
alloys.^®1)  Knapton  reported  the  lattice  parameters  as  a  *  2.846  A  and  c  *  6.038  A  at  60  freight  per  cent 
rhenium/182)  The  X-phase  is  isotnorphous  with  a -manganese  with  an  approximate  composition  of  ReaW.USl) 
The  aoluhilitv  of  rhenium  in  tungsten  ranges  from  76  weight  per  cent  at  1600  C  to  37  w.  ight  per  cent  at  3000  C. 
The  terminal  solubility  of  tungsten  in  rhenium  ranges  from  approximately  11  weight  per  cent  at  1600  C  to 
20  weight  per  cent  at  2800  C.(181) 
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(92) 


TUNGSTEN-RUTHENIUM  SYSTEM 


The  o-phaie  hai  the  itolchlometric  cotn portion  WjRuj.f147,  185)  The  lattice  parameter!  at* 

*  *  9. 65  A  anc  c/a  *  0. 52. Ruthenium  it  loluble  in  tungiten  up  to  10  atomic  pet  cent  (6  weight  pet 
cent)  ruthenium  at  1600  C,  ir.creaiing  to  about  23  atomic  pet  cent  (14  weight  per  cent)  at  2300  C.'1-’*) 

The  solubility  c(  tungiten  in  ruthenium  it  approximately  41  atomic  pet  cent  (56  weight  pet  cent)  tungiten  at 
1600  C,  inaetii.'i6  to  48  atomic  per  cent  (61  weight  pet  cent  at  2205  C).N^ 
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Temperature, 


TUNGSTEN-SILICON  SYSTEM 


W^Slj  (or  potiibly  WjSIj)  h>4  «  tetragoaal  iiruciute  with  t  »  9,8$  A,  c  *■  4.94  A,  c/a  ■  0.62,  and  four 
formula  unlu  “WfSi3*  per  unit  cell.(lM)  WSI2  bar  a  tatragorul  M0SI2  (Cll)  typ«  of  ittucture  with 
a  =  3.21  A,  c  ■  l. 83  A,  and  e/a  *  2.44.(185)  The  rclubility  of  alllcou  In  tungrten  1«  about  0.9  weight  p«r 
cent  nr  1800  C.U88) 
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(94) 


T*mp«rotur«, 


Tumperoiure, 


TUNGSTEN-THORIUM  SYSTEM 


There  arc  no  tatermetallic  compound!  in  the  lyitem.  The  eutectic  temperature  fat  1475  C.  Very  little 
lolublllty  occurt  In  any  of  the  terminal  pliatei,  (187,138) 


(95) 


Temperature 


Temperoture, 


TUNGSTEN- TITANIUM  SYSTEM 


Atomic  Per  Cenl  Titanium 


The  tolubiiity  of  titanium  In  tungitcn  it  approximately  8  weight  pet  com  at  1880  c,  decreating  to 
•i  weight  per  cent  *t  110  C.v^O;  the  solubility  of  tunpiten  In  titanium  it  approximately  0.8  weight  per  cent 
it  115  C.(189) 


Temperature , 


Temperature, 


TUNGSTEN-URANIUM  SYSTEM 


The  solubility  of  uranium  In  tungsten  it  about  0.1  atomic  per  cent  at  1000  C.  The  solubility 

of  tungsten  in  uranium  it  0.2  to  0,7  atomic  per  cent  tungtien.  There  arc  no  in'.etmeullic  compounds 
in  the  system. 
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(31) 


Temperature, 


Porame 


TUNGSTEN -VANADIUM  SYSTEM 


Uttlctt*p4Mtncicr  meawententi  Indicate  a  continuout  jcriei  of  solid  loluticm  in  1150  C.(19-)  The 
lyttem  it  ilmllar  to  the  Mo-Cr  tyitctn  in  tint  a  iwo-phats  region  pottlhly  cxlitt  at  lowr  uinperaturej.(192< 193) 


Ttmperaturt, 


Temperature, 


TUNGSTEN-ZIRCONIUM  SYSTEM 


Atomic  Per  Cent  Zirconium 


WoZr  h«  (he  cubic  MgCu2  (CIS)  type  ol  structure  with  *  ■  7.615  A.t  n^e  solubility  of  zircomum 
in  tungsten  is  »bout  3  weight  per  cent  «  2160  The  solubility  of  tungsten  in  a-zirconium  i»  1cm  thsn 

0.5  wclglit  per  cent  tungsten.^9®) 
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09) 


Temperature 


COLUMBIUM-mON-SILICGN  SYSTEM*205* 


Si 


Fe  90  80  70  CO  50  40  30  20  10  2300  Cb 

Atomic  P«r  Cent  Iron 


Melting  letiipeuiutei  In  thoCb-Fs-SI  tyitem  (llquldut  *pproxlm»te  Y*lnei  only). 
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(102) 


COLUMBIUM-MOLYBDENUM-TITaNJUM  SYSTEM^"07) 


(104) 


COLUMBIUM-MOLYBDENUM-TITANIUM  SYSTEM!20?) 


-1/61 


(105) 


COLUMBIUM-TANTALUM*CHROM1UMSYSTEM(206) 


c« 


iooo«M  |*00C 


C0LUMB1UM-TANTALUM- RHENIUM  SYSTEM*206) 


COLUMBIUM-TANTALUM-- VANADIUM  SYSTEM^206) 


(ill) 


COLUMBIUM-TANT ALUM-TUNGSTEN  SYSTEM^) 
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C01.UM111UM- TITANIUM- VANADIUM  SYSTEM 


Tl 


<U4) 


C0LUMB1UM-TITAN1UM-' VANADIUM  SYSTEM 


Cb  10  20  30  40  50  60  TO  «0  90  V 


Weight  Per  Cent  Vanadium 
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COLUMB1UM-URANIUM-  ZIRCONIUM  SVSTEM(2’0) 


(118) 


COLUMBIUM-TUNGSTEN-CHROMIUM  SYSTEM*206) 


W 


Cb  »  20  30  40  50  SO  70  80  90  Cl 

Weigh!  Per  Cen!  Chromium 
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COLUMBIUM-TUNGSTEN-CHROMIUM  SYSTEM^06) 


COLUMDIUM-TUNGSTEN  -OSMIUM  SYSTEM 


(20  6} 


W 


93  (1500  C) 


COLUMBIUM-TUNGSTEN- RHENIUM  SYSTEM^06) 


Weight  Per  Cent  Rhenium 


molvddbnum-aluminum-vanadium  system!21  l) 


Weight  Per  Cent  Molybdenum 


MOLYBDENUM-ALUMINUM-VANADIUM  SYSTEM^11) 
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MOLYBDENUM-ALUMINUM-VANADIUM  SYSTEM**1 1* 


V  715  C 


•J/Cl 


(12  C) 


OO 


MOLYBDENUM-ALUMINUM-VANADIUM  SYSTEM*21  *> 


Weight  Per  Cent  Molybdenum 


•1/Cl 


MOLYL'PF.NUM-ALUMINUM- VANADIUM  SYSTEM^1 U 


V 


1000  C 


AI,V+AI,Mo+AltMo 


MO  LYBD'ENUM-ALUMtNUM- VANADIUM  SYSTEM^’ 5 


V  1200  C 
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Weight 


MOLYBDENUM-CARBON -IRON  SYSTEM^213) 
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40  60 

Weight  Per  Cent  Iron 
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